Well-defined naphthalene end-capped poly(styrene)-block-poly(Nisopropyl-acrylamide)-block-poly(styrene) (PS-b-PNIPAM-b-PS) amphiphilic triblock copolymers with different molecular weights and block copolymer compositions were successfully prepared via consecutive reversible additionfragmentation chain transfer (RAFT) polymerizations using a novel RAFT reagent, S,S'-bis(1-naphthylmethyl) trithiocarbonate (BNTTC). The aggregation behaviour of the prepared PS-b-PNIPAM-b-PS in water/DMF mixture was studied by transmission electron microscopy (TEM). The effect of the copolymer concentration, PNIPAM block length and the irradiation of UV-light on the sizes and morphologies of micelles were also investigated.
Introduction
Amphiphilic copolymers have received considerable interest in recent years due to their self-assembly properties and their biomedical applications [1] [2] [3] [4] . The unique amphiphilic character of these copolymers enables them to self-assemble into versatile micelles with different morphologies including spherical micelles, wormlike micelles, rod-like micelles, lamellae, vesicles, toroidal (ring-like) or larger aggregates [5] [6] [7] . The aggregates from amphiphilic copolymers are thermodynamically and kinetically more stable, so they are of interest for many potential applications. Such micelles can be applied in drug delivery, gene therapy, and phase transfer catalysis, as templates for the fabrication of nanostructured hybrids and nanoparticles, and as reaction media for biocatalysts in liquid phase [8] [9] [10] [11] [12] .
Poly(N-isopropylacrylamide) (PNIPAM) is one of the well-known hydrophilic polymers and can be used to prepare amphiphilic materials. These amphiphilic block copolymers with the PNIPAM as hydrophilic block, such as PNIPAM-b-PS [13] , PNIPAM-b-PS-b-PNIPAM [14] , PBE-b-PNIPAM [15] , PNIPAM-b-PAA [16] , PLA-b-PNIPAM-b-PLA [17] , and PEG-b-PNIPAM-b-PS [18] , can self-assemble into micelles in water or selective solution, which has the potential to be used as nano-reactors, drug delivery and site-specific gene vehicles, or templates for preparing inorganic mesoporous materials.
Block copolymers have been synthesized with a variety of different synthetic strategies. There are several possible methods to prepare amphiphilic block copolymers. The most common ways are living anionic, cationic, ring-opening, and radical polymerizations that can produce well-defined block copolymers with controlled molecular weights and narrow polydispersities (PDIs) [19] [20] [21] [22] [23] . Recently, "living"/controlled radical polymerization techniques have been well researched. The main "living"/controlled radical polymerization techniques are nitroxide-mediated radical polymerization (NMP), atom transfer radical polymerization (ATRP), and reversible addition-fragmentation chain transfer (RAFT) polymerization [24] [25] [26] [27] [28] . However, RAFT polymerization performs well as a promising controlled free-radical polymerization technique because of its versatility and simplicity, and the polymer is free from the contamination of metal catalysts. Most importantly, it is compatible with almost all conventional free-radical polymerization monomers, including NIPAM [29] [30] [31] . Trithiocarbonate, which can be synthesized with two good homolytic leaving groups, is an effective RAFT agent to be applied to prepare telechelic ABA triblock copolymers [32, 33] . More interestingly, the UV light-responsive property of trithiocarbonate broadens its applications in some aspects [34, 35] .
In this work, the fluorescent ABA type amphiphilic triblock copolymers (PS-b-PNIPAM-b-PS) with controlled molecular weights and narrower molecular weight distributions were facilely synthesized via RAFT polymerization using S,S'-bis(1-naphthylmethyl) trithiocarbonate (BNTTC) as a RAFT agent. The fluorescence of the polymers were also investigated. The prepared PS-b-PNIPAM-b-PS was used to form micelles by addition of water to copolymer/DMF solution. The sizes and morphologies of micelles were studied by transmission electron microscopy (TEM) technique. Furthermore, we studied the effect of the copolymer concentration, the hydrophilic PNIPAM block length and content, and UV-light irradiation on sizes and morphologies of micelles. The structure of BNTTC is shown in scheme 1. 
Results and discussion

Preparation of Fluorescent ABA Type Amphiphilic Triblock Copolymers PS-b-PNIPAM-b-PS via RAFT Polymerizations
A series of block copolymers of PS-b-PNIPAM-b-PS with different molecular weights and block compositions were synthesized via consecutive RAFT polymerizations of styrene and NIPAM using BNTTC as the RAFT agent. The results are shown in Table 1 , in which, well-defined PS and PS-b-PNIPAM-b-PS with controlled molecular weight and narrow polydispersity (PDI < 1.13) were obtained by the RAFT polymerizations using BNTTC as a very effective RAFT agent. The GPC was used to follow the polymerization (Fig. 1 ). There was a peak shift from the macro-RAFT agent to the chain-extended block copolymer, and the molecular weight increased from 4100 g/mol to 5200 g/mol, indicating that PNIPAM was inserted into the middle of the PS chain. Further verification of the molecular structure of the PS-b-PNIPAM-b-PS was established by 1 H NMR (Fig. 2) . As compared with PS, the chemical shifts at 3.9 ppm and 1.1 ppm (Fig. 2(b) ) were assigned to the protons of methine and methyl groups in the PNIPAM, respectively, verifying the formation of the amphiphilic triblock copolymer. The chemical shifts from 7.5 to 8.0 ppm of the copolymer corresponded to naphthalene group of the macro-RAFT agent. The chemical structure of the formed triblock copolymer was also confirmed by FTIR spectra as shown in Figure 3 . The characteristic absorption bands at 1652 cm -1 (C=O stretching vibration of NIPAM) and 3323 cm -1 (N-H stretching vibration of NIPAM) appeared in the FTIR spectrum ( Fig. 3(b) ) after block copolymerization with NIPAM. 
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Fluorescence Property of Macro-RAFT Agent and Amphiphilic Triblock Copolymers End-Capped with Naphthalene
A Naphthalene group is a rigid conjugated molecule with strong fluorescence. According to the mechanism of RAFT polymerization, the functional group of the RAFT agent would exist at the end of the obtained PS and PS-b-PNIPAM-b-PS, which was confirmed by the 1 H NMR spectra (Figure 2 ). Therefore, we investigated the fluorescence of the macro-RAFT agent and the corresponding triblock copolymer in THF. The fluorescence spectra are shown in Figure 4 . The characteristic absorption peak of naphthalene around 345 nm could be observed in THF at room temperature with excitation wavelength λ ex = 298 nm and the fluorescence intensity of the triblock copolymer was stronger than that of the macro-RAFT agent under the same concentration of naphthalene group, as expected by the documents reported previously [35, 36] . Therefore, the obtained ABA type amphiphilic triblock copolymer was additionally endowed with fluorescence, which would be beneficial for the potential application of these copolymers as fluorescence-labeled micelles [37] . 
Micellization of the Obtained PS-b-PNIPAM-b-PS
The amphiphilic copolymers are able to form micelles [38, 39] easily by addition of water to polymer/DMF solution, and several factors can affect the sizes and morphologies of the formed micelles [40] . In this section, we investigated the formation of the obtained PS-b-PNIPAM-b-PS aggregates with different copolymer concentrations, and different hydrophilic PNIPAM block lengths and contents, by TEM. Three samples were used: CP1, CP2 and CP3 as shown in Table 1 . The CP1 and CP2 had the same PS block length but different PNIPAM block lengths. In contrast, the CP2 and CP3 had the same PNIPAM block length but different PS block lengths. And the content of PNIPAM blocks decreased gradually in the order: CP1>CP2>CP3. Figure 5 shows the aggregates of CP1 (PS 22 -b-PNIPAM 12 -b-PS 22 ), made by addition of 5.5 wt % water to copolymer/DMF solution with different copolymer concentrations. As expected, the micelles formed under these conditions were almost spherical and the size depended on the CP1 concentration. The average diameter of spherical micelles, which was measured from the TEM image directly, increased gradually from 1.7 μm (Figure 5a ) for 1 wt% concentration, to 2.4 μm (Figure 5b ) for 3 wt% concentration and 6.8 μm (Figure 5c ) for 6 wt% concentration. These morphological changes can be ascribed to the fact that the aggregation number of the micelles and therefore the micelle core diameter increases as a function of the polymer concentration [40] . When the concentration increases, the distance between the micelles decreases and the coalescence of insufficiently stabilized small micelles happens [41] . A few short-rodlike micelles were formed as shown in Figure 5b and 5c which resulted from adhesive micelle collisions possibly when the copolymer concentration increased [40] . Figure 6 shows the TEM images of the self-assembled micelles of CP1, CP2 and CP3 which were made by the same method as described above with the same concentration of copolymer (1 wt %). It could be found that the aggregates show an obvious morphological transition from sphere to bent cylinder with reduction in the hydrophilic PNIPAM content. With decreasing hydrophilic block length, the repulsive interactions between the coronal block chains decreased; thus, more chains aggregated, leading to larger aggregates like cylindrical micelles with a decreased core diameter [42] . According to the mechanism of RAFT polymerization, trithiocarbonate would exist in the middle of the triblock copolymer chain. As a result, the surface of the micelles obtained by addition of water to copolymer/DMF solution contains many UV lightresponsive trithiocarbonate groups [as shown in Fig. 7 ]. In this section, effect of UVlight irradiation on sizes and morphologies of micelles, which had rarely been reported before, was studied in relation to the fragmentation of UV light-responsive trithiocarbonate on the surface of micelles. The aggregates of PS 43 -b-PNIPAM 5 -b-PS 43 (CP3) obtained by addition of water to copolymer/DMF solution with 1.0 wt % copolymer concentration were irradiated by UV-light lamp (380 nm) for 4 hour with vigorous stirring. Figure 8 shows the TEM images of CP3 aggregates before (a) and after (b) irradiation by UV-light lamp. It is very interesting that there was a morphological transition from bent cylinder to sphere and the average size of spherical micelles decreased. This is attributed to the fragmentation of the trithiocarbonate groups in the middle of the triblock copolymer (CP3), which resulted in that the triblock copolymer PS-b-PNIPAM-b-PS transferred into diblock copolymer PS-b-PNIPAM. The plausible process for the micelle formation is demonstrated in Figure 9 . 
Conclusions
The well-defined fluorescent ABA type amphiphilic triblock copolymers (PS-b-PNIPAM-b-PS) were synthesized in a controlled way via RAFT polymerization using BNTTC as RAFT agent. The copolymers have controlled molecular weights and relatively narrow molecular weight distribution (PDI < 1.2). The prepared PS-b-PNIPAM-b-PS could self-assemble into larger micelles (several micron) by addition of water to polymer/DMF solution, with the hydrophobic PS segments at the cores of micelles and the hydrophilic PNIPAM segments as the outer shells. Furthermore, the sizes and morphologies of the formed micelles were sensitive to the irradiation of UVlight due to the fragmentation of the trithiocarbonate group in the middle of the triblock copolymer.
Experimental
Materials
The monomer, styrene (St) was washed with an aqueous solution of sodium hydroxide (5 wt %) for three times and then with deionized water until neutralization. After being dried with anhydrous magnesium sulfate, the monomer was distilled under reduced pressure and kept in a refrigerator under 0 o C for short store. 1-chloromethyl naphthalene and n-Bu 4 NHSO 4 were purchased from Aldrich Chemical Co. and used as received. N-Isopropylacrylamide (NIPAM, Kohjin Co., Japan, 97%) was purified by recrystallization from a toluene/hexane mixture. 2,2'-Azoisobutyronitrile (AIBN) was recrystallized from ethanol. Tetrahydrofuran was dried with 4-Å molecular sieves and distilled in vacuum. Unless otherwise specified, all chemicals were purchased from Shanghai Chemical Reagents Co., China.
Synthesis of S,S'-bis(1-naphthylmethyl) trithiocarbonate (BNTTC)
A mixture of 10 mL of CS 2 and 15 mL of 33% aqueous NaOH solution was stirred vigorously at room temperature in a 50 mL round-bottom flask with a magnetic stirrer. The phase transfer catalyst (n-Bu 4 NHSO 4 , 3 mol % to the 1-Chloromethyl naphthalene used) was then introduced. After stirring for 10 min, 2 g (11.3 mmol) of 9-chloromethyl naphthalene was added. To work up the reaction (after 12 hour), the products were washed with acetone (3 × 10 mL). Then recrystallization from acetone gave a thin yellow crystal (Scheme 3), and the purity was greater than 99% determined from HPLC. Yield: 90%. 1 
RAFT Polymerization of St Using BNTTC as RAFT Agent
The typical procedure of RAFT polymerization of St was as follows: a stock solution containing 6 mL (52.1 mmol) of St, 406.4 mg (1.0 mmol) of BNTTC and 28.5 mg (1.7x10 -1 mmol) of AIBN were prepared and placed in 10 ml ampoule. The content was purged with argon for approximately 10 min to eliminate the dissolved oxygen. Then the ampoules were flame sealed and placed in an oil bath held by a thermostat at 70 o C to polymerize. After a preset reaction time, each ampoule was cooled with ice water and opened. The reaction mixture was diluted with proper tetrahydrofuran (ca. 5 mL) and precipitated in a large amount of methanol (ca. 500 mL). The polymer was obtained by filtration and dried at room temperature in vacuum to a constant weight. The conversion of polymerization was determined gravimetrically.
Synthesis of Fluorescent ABA Type Amphiphilic Triblock Copolymers PS-b-PNIPAMb-PS
Block copolymerization was performed in the same manner as the typical RAFT procedure for the polymerization of St. The reaction mixture containing 0.4 g (3.5 mmol) of NIPAM, 1.5 mL of THF, macro-RAFT agent, and AIBN ([macro-RAFT agent] 0 : [AIBN] 0 = 6:1, molar ratio) were introduced into a 5 mL dry ampoule. The yellow homogeneous solution was purged with argon for 10 min. Then the ampoules were flame sealed and placed in an oil bath held by a thermostat at 70 o C to polymerize. After a preset reaction time, each ampoule was cooled with ice water and opened. The reaction mixture was diluted with proper tetrahydrofuran (ca. 2 mL) and precipitated in a large amount of cold methanol (ca. 300 mL). The block copolymer was obtained by filtration and dried at room temperature in vacuum to a constant weight. The conversion of polymerization was determined gravimetrically.
Preparation of the Micelle Solutions
The triblock copolymer (between 1 wt % to 6 wt %) was dissolved in DMF, a common solvent for both PS and PNIPAM blocks, and subsequent addition of deionized water to the solution to induce aggregation of the PS blocks at room temperature 25 o C). After a predetermined water content (5.5 wt %) had been reached, the water addition was stopped for 1 day with vigorous stirring. After the formation of the micelles, the morphologies of aggregates were observed by TEM.
Characterization
The molecular weights and polydispersities of the PS were determined with a Waters 1515 gel permeation chromatograph (GPC) equipped with refractive index detector, using HR1, HR3, and HR4 columns (used to measure the polymers with the molecular weights range 100-500,000 g/mol) calibrated with PS standard sample. THF was used as the eluent at a flow rate of 1.0 mL min -1 operated at 30 o C. 1 H NMR spectra of the polymers were recorded on an INOVA 400 MHz nuclear magnetic resonance instrument, using CDCl 3 as a solvent and tetramethyl silane as the internal standard. The fluorescence emission spectra of the polymers were obtained on an Ediburger FLS920 fluorescence spectrophotometer with THF as solvent at room temperature. The elemental analyses for C, H, and N were performed on a LECO-CHNS microanalyzer. The UV absorption spectra of the samples in THF were determined on a UV 240 spectrophotometer. FT-IR spectra were recorded on a Perkin-Elmer 2000 FT-IR spectrometer. The purity of products was determined on high-performance liquid chromatograph (HPLC, mode 515, Waters) with the solvent acetonitrile as the eluent at 30 o C. Transmission electron microscopy (TEM) was recorded on a Tecnai G2-20 TEM at a 200 kV accelerating voltage. The samples were prepared by mounting a drop of the micelle solution (0.05 mL) on a copper EM grid covered with a thin film of formvar. Surface tension (γ) of DMF/H 2 O solutions of copolymers PS-b-PNIPAM-b-PS were measured by Du Noüy method on a JK99C automatic surface tensiometer (Shanghai Zhongchen Co., China) equipped with a platinum ring. Each sample was measured three times at 25 o C, and then the average surface tension was calculated.
